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ihre Unterstützung und das angenehme Arbeitsklima. Für die finanzielle Unterstützung be












Inden letzten Jahrenbestehtzunehmend InteresseanderFestoxidbrennstoffzelle (engl:Solid
OxideFuelCell,SOFC),dieeineeffizienteundemissionsarmeStromerzeugungbeigleichzeiti
gerFlexibilitätbeiderWahldesBrennstoffsermöglicht.FüreinebreitekommerzielleNutzung
sind jedoch die Punkte Leistungsverbesserung, Langzeitstabilität und Kostenreduktion
entscheidend. Es besteht insbesondereVerbesserungsbedarfmitHinblick auf die Verlustpro
zesseanderAnode.
Grundvoraussetzung für die Verbesserung der Anodenleistung stellt dabei die Kenntnis der
elementarkinetischen Reaktionsschritte der elektrochemischenOxidation des Brenngases (H2,
CO oder Reformatgase) dar. Diese Reaktion findet an der DreiPhasenGrenze (engl: Triple
PhaseBoundary,TPB)vonElektrode,ElektrolytundGasraumstatt.DabeisindUntersuchun
gen an sogenannten Modellanoden mit zweidimensionaler Geometrie vorteilhaft, denn
zusätzlichzurVereinfachungderGeometrieisteineEntkopplungderOxidationvonweiteren




Impedanzspektroskopie ermittelten Parameterabhängigkeiten des linienspezifischen Wider
stands(engl:LineSpecificResistance,LSR)stellenfürjedederbeidenAtmosphäreneinenum
fassendenDatensatzdar.DieStärkederDatensätzeliegtdabeiindenbegleitenden,umfangrei
chen Untersuchungen zur Stabilität der Modellanoden sowie der Reproduzierbarkeit der
Messergebnisse,ergänztdurcheinedetaillierteUntersuchungaufVerunreinigungenderDrei
PhasenGrenze.Die erstmalsmöglicheVergleichbarkeit desAnodenverhaltens in den beiden
Gasatmosphären erlaubt zusätzlich wertvolle Einblicke in den Reaktionsmechanismus und
deutet auf ähnliche Reaktionsmechanismen hin. Der Vergleich zu technisch relevanten Cer
metanoden mittels eines Kettenleitermodels zeigt eine große Ähnlichkeit der beiden An
odenkonzepte sowohl für die absoluten flächenspezifischenWiderstände (engl:Area Specific
Resistance, ASR) als auch für die Parameterabhängigkeiten. Damit wird die Anwendbarkeit















den während der elektrochemischen Charakterisierung von nominell stabilenModellanoden




(ii) Große, gasabhängige Degradationsraten, mit stärkerer Degradation in H2H2O
(0.4%/h)alsinCOCO2(0.18%/h),vermutlichaufgrundderBildungvongasför
migemNi(OH)2.
(iii) Langsame Relaxationsprozesse nach Gasvariation von pH2 und pH2O mit
Einschwingzeitenvon23hbeipH2und58hbeipH2O(800°C),vermutlichauf
grund von langsamen Bulkprozessen. In COCO2Atmosphäre erfolgt die Stabilis
ierungvonLSRhingegeninnerhalbwenigerMinuten.
(iv) Schnelle Zellaktivierung während der Aufzeichnung von StromSpannungs
Kennlinien,gefolgtvoneinemlangsamenRelaxationsprozesswährendca.20h.
Die reproduzierbareCharakterisierungvonModellanoden erfordertdamit alsVoraussetzung















Zusammenhang von LSRct und lTPB bestätigt, dass die Reaktion an der DreiPhasenGrenze
stattfindet.
Darüber hinaus wurde der Einfluss der Doppelschichtkapazität an der ZweiPhasenGrenze
(2PB)vonElektrodeundElektrolytbeiderAuswertungdeskapazitivenBeitragsvonModel
lanoden berücksichtigt. Durch die Charakterisierung von Zellenmit stark unterschiedlichem
















Der Vergleich der anModellanoden erzielten Ergebnisse zu technisch relevanten Cermetan
oden wurde durch die Verwendung eines Kettenleitermodells realisiert. Ein solches Modell
kombiniertdieVerlustprozessevonLadungstransferanderTPBundvonionischemTransport
im Elektrolyten. Dabei müssen Annahmen für dieModellparameter volumenbezogene TPB
Länge(lTPB,v)undeffektiveionischeLeitfähigkeitimElektrolyten(ion,eff)getroffenwerden.Die
Berechnungzeigt eine sehrguteÜbereinstimmungderbeidenAnodenkonzeptemitHinblick
auf absolute ASR Werte und die Aktivierungsenergie. Bei den Abhängigkeiten von der




erseits aber auch ein Indikator für einen zusätzlichen Verlustmechanismus an der TPB von
Modellanodensein,beispielsweisedurchVerunreinigungen.
RückschlüssezumReaktionsmechanismus
Die Ähnlichkeit der Ergebnisse in Bezug auf absolute LSRct Werte und Parameterabhängig
keiten, die bei der elektrochemischenCharakterisierung inH2H2OundCOCO2Atmosphäre
ermitteltwurden,deutenaufähnlicheReaktionsmechanismeninbeidenGasatmosphärenhin.
Im Fall von H2H2O wird dabei meist ein HSpillover Mechanismus als ratenbestimmender
Schrittangenommen.InterstitiellerLadungstransferüberdieZweiPhasenGrenzewirdimCO
CO2BetriebaufgrundderMolekülgrößealsunwirksameingeschätzt.ImFallvonH2H2Okön





ell und CermetAnoden auf den gleichen zugrundeliegenden Reaktionsmechanismen hin.
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basisof theanodicactivationpolarization is required in combinationwithelementarykinetic





pendencies and no information is given on reproducibility and impurities. Furthermore, the






inH2H2O and COCO2 atmosphere.With respect to the observed discrepancies in previous













































TPB: 2 2 2O H H O 2e
   
figure 1.1: a) Scheme of the functioning of SOFCs: oxygen and fuel (here: H2) react via a dense, oxide ion
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ture,ne thenumberofelectrons involvedinthereaction(ne=2 inthecaseofSOFC),Ris the
universalgasconstant,andFtheFaradayconstant.
Inthecaseofanideal,lossfreefunctioningofthefuelcell,thechangeinGibbsfreeenergyof
the reaction is completely converted into electrical work. The maximum obtainable Nernst
voltageisafunctionoftheatmosphere(e.g.H2H2OorCOCO2),thegascompositionandtem
perature.








with increasingamountofTPB.Therefore, thequantity lTPB is introduced to indicate theTPB
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Inthecasewherethesinglecell isbuiltonananodesubstrate, theconcept isdenotedAnode





tion, temperature and polarization resistance. It is determined experimentally based on the
polarization resistance attributed to charge transfer (Rct) multipliedwith the TPB length per
electrodearea(lTPB)andtheelectrodearea(A):
However, in technical cermet anodes theTPB length is notwell known and thepolarization
resistance includesanadditionalcontributionof ionic transport in theYSZmatrix.Therefore,




1.2 are furtherdivided into individual reaction steps [13].These individual reaction steps in
clude the electron transfer reaction (typically referred to as charge transfer), heterogeneous
chemistryaswellassurfaceandbulkdiffusion.
Forthechargetransferreaction,differentstepshavebeensuggestedanddiscussedinliterature,
see figure 1.2.An overview is given byAdler and Bessler in [4]. Thesemechanisms include
chargetransferattheTPBduringhoppingof:
(i) adsorbedhydrogenfromNitoYSZ,denotedHspillover(figure1.2a)
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figure1.2:Schemeandequationsofdifferentelementarykineticreactionmechanismsfortheelectrochemicaloxida
tionofhydrogen:a)chargetransferduringhoppingofsurfaceadsorbedHNifromNitoYSZsurfacewithreaction
withO2 toH2OYSZorOHalsodenotedhydrogenspillover,b)charge transferduringhoppingofO2 orO from
YSZtotheNisurfacealsodenotedoxygenspillover,c)chargetransferduringhoppingofOHfromYSZtoNior
Ni toYSZ, also denoted hydroxyl spillover, d) charge transfer between interstitial hydrogenHi at the electrode





Thereactionmechanismsof figure1.2acapply forcleansurfacesof electrodeandelectrolyte
andespeciallyacleanTPB.InthecaseofimpuritysegregationsattheTPB,thereactionmecha








Inmost studies, the charge transfer step is denoted according to the accompanying transfer




ditions [17].While the applicability of this definition for the electrochemical oxidation at the





twodimensional and thus easily accessible lTPB. Among them aremicropatterned electrodes,
pointelectrodesorgridelectrodes,see
figure 1.3. Furthermore, the simplified geometry allows to separate the elementary kinetic
chargetransferreactionattheTPBfromtheroleoftheanodemorphology.









































stabilityof theNistructureand(ii) themeasurementreproducibility,aswellas (iii) thecom
bined analysis of impedance spectrawithDistributionofRelaxationTimes (DRT) calculation









entmodel anodeswithknown impurity content gives informationon apossible influence of
impurities.Finally,thecomparisontoexperimentaldataoftechnicalNi/8YSZcermetanodesby



















(iii) In chapter 6, the results of the electrochemical characterization in COCO2 atmos
pherearegivenandacomparisonoftheelectrodeperformanceinH2H2OandCO
CO2isdiscussedwithrespecttopossiblereactionmechanisms.







This chapter summarizes the stateof theart inbothelectrochemical characterizationandele
mentarykineticmodelingofSOFCanodeswithspecialemphasisonpatternedNianodes.
Themainstepinordertoobtainevidenceontheratedeterminingreactionmechanismconsists
of combined studies on electrochemical characterization of simplified geometries and on ele
mentarykineticmodeling.Herein,thedependenciesofLSRonpH2,pH2O,pCO,pCO2,T,and	
are importantparameters.Additionally, other effects suchas the influenceof impuritiesgive
valuableinsight.
An overview of previous studies on the oxidation reaction ofH2 andCOwith patternedNi






phere.These includemodelanodes–mainlypointanodes [1926]andpatternedanodes [59,
2730]–aswellastechnicalNi/8YSZcermetanodes[3135].Withrespecttothelargenumberof




Standard literaturedata forpatternedNi anodes comprises the studies by threegroupswith
comparableexperimentalconditions[69]:patternedNianodeswithalayerthicknessaround1














































figure 2.1: Comparison of experimental conditions of pH2 and pH2O variation in the studieswith patternedNi
anodesbyMizusaki[8,9],deBoer[7]andBieberle[6].relindicatestherelativewatervaporcontent,theboldline
indicatesatmosphericpressure.










































Study Ref. LSR T pH2O pH2 rel lTPBA Eact LSRcalc(700°C) LSRcalc(850°C)
  [m] [°C] [Pa] [Pa] [%] [m] [eV] [m] [m]
Mizusaki [8,9] 20419 700 2.2103 1.1104 17.0 3.64 0.75 20419 6182
DeBoer [7] 344 850 2.3103 9.9103 18.8 8.31 1.60 4400 344







polarization resistance (Rpol) have been reported in literature [69]. In thiswork, the absolute
LSRvalueshavebeencalculatedbyextractingthereportedvaluesforRpol,lTPBandAfromthe
respectivestudies.TheresultingLSRvaluesareshowninfigure2.2.Anadditionalsummaryof





in table 2.2. Data byMizusaki further indicates a difference in gas composition dependency
upontemperaturechanges[9].
The studies reportedneither (i) results froman impurity analysis,nor (ii) the exactmeasure






Study Ref. #EISarcs a b Eact[eV]
Mizusaki [8,9] 1 0.09to0.15 0.32to0.88 0.75
DeBoer [7] 3 0.26 0.37 1.60
Bieberle [6] 1 0.11 0.67 0.88
















performance can not be attributed to a pronounced grain growth and higher lTPB at elevated
temperatures,buthintsatadegradationprocess.
So far, only one study has addressed the influence of the electrolyte on the electrochemical
performanceofpatternedNianodes.UsingYSZelectrolyteswithdifferentcrystalorientations,
Rao et al. [37]havedetermined capacitancesbetween200  350Fcm2 at 550 °C.Thisvalue
combinesthecapacitivecontributionsofchargetransferanddoublelayer.However,nosepara
tion of the distinct contributions has been performed. In general, literature dealingwith the
doublelayercapacitanceatsolidsolidinterfacesissparse[3841].
RateDeterminingReactionMechanism
When it comes to the interpretationof the ratedetermining reactionstep, theexpected linear
correlationwasfoundbetweenpolarizationresistanceandlTPB[6,7,9],indicatingthatthereac
tiontakesplaceattheTPB.Asratedeterminingstep,Mizusaki[9]suggestedeitherdissociative
adsorption ofH2 or surfacediffusion ofHad as rate determining step,whereasBieberle et al.
suggestedeitheradsorption/desorptionofH2orremovalofO2fromtheelectrolyte[6].
Foradeeperunderstandingofthereactionmechanismandespeciallytheroleofelectrodeand












StudieswithCOCO2atmosphereareof interest (i) for the comparisonof theperformance to
data obtained in H2H2O atmosphere, which allows conclusions on the kind of the reaction
mechanism,and(ii)because thecommonfuel forSOFCis reformategas that–upon internal


















theses structuresproved tobeunstable: bubbles formedunder theNi filmor the continuous







larization resistance due to an additional transport limitation rather thandue to a change in





exponentscanddaredeterminedinaccordance toaandb inH2H2Oatmosphere,using the
expressionLSR=cpCOcpCO2d.Novaluesaregivenfortheactivationenergy.
Inacombinedexperimentalandmodelingstudy,Lauvstadetal.characterizedNiandPtpoint
anodes inCOCO2atmosphere [49].Neither the reactionordersnor theactivationenergyare






















surfacediffusion, yielding informationon the reactionpathwaysand rate limiting steps. It is
alsocommonlydenotedelementarykineticmodeling.
Incontrasttoglobalmodelinge.g.onthecellandelectrodelevel,whereglobalkineticexpres




calculation of parallel charge transfer pathways [4, 54]. However, it also leads to a complex
frameworkincludingnumerousparameterssuchasthermodynamicdataofallinvolvedspecies
anddiffusioncoefficients.Thedeterminationoftheseparametersisoftendifficultduetoalack
of experimentaldata in the temperature rangeof interest or considerabledeviationsbetween
resultsofdifferentstudies[16,55].




















16, 5457]with respect to the type ofmodel, the consideredprocesses (‘CT’ indicates the charge transfermecha
nism), theexperimentaldatasetused forvalidationandconclusionsontheratedeterminingreactionstep.Addi
tionally,somesimplificationstakenintherespectivemodelaregiven.
















































































































Therefore, most studies limit the model validation to a single experimental data set, which







results toallavailableexperimentaldatasets,butappliedothersimplifications thataffect the
modelingresult:onlychargetransferwasconsideredand–duetotheunknownpreexponential
factors and activation energies  the simulated exchange current densitieswere scaled to ex





differences in (i) themodeling approach, (ii) the number of included charge transfermecha
nisms,(iii)thesimplificationsregardingheterogeneouschemistry,andin(iv)scalingofresults
toexperimentaldata,thegeneralconsensusisthatchargetransferistheratelimitingstepand
































































































point anodes, the impurity content on the surface of the electrodes has been determined by
varioussurfaceanalysistools,includingEnergyDispersiveXrayDiffraction(EDX),XrayPho
toelectron Spectrometry (XPS), and TimeOfFlight Secondary Ion Mass Spectroscopy (TOF
SIMS).Theanalyses includecomparisonsofdifferentpurity levelsof theNielectrode[23,65,
68, 73] aswell as of different electrolytes (YSZ and ScYSZ) [26, 70, 71]. Furthermore, studies
havebeenperformedatalowertemperatureof500°Cinordertoreduceimpuritysegregation
[67].
Adifference in the initial behavior during the first 50 h of thermal exposure at 1000 °Cwas
observedforsampleswithtwodifferentpuritylevelsoftheNielectrode(99.8%and99.995%):
whileforthepurerelectrodetheLSRdecreases,whichisattributedtoanincreasinglTPB,theLSR
of the less purematerial increases due to a buildup of a high impurity ridge. Even though
considerablesampletosamplescattersuperimposesthedata,theobservedtrendisthattheLSR
valueoftheimpureelectrodeisuptoanorderofmagnitudehigherthanforthepureelectrode




































Whereas the impurity ridge is almost entirely electrically insulating indry atmos
phere, it isgettingconsiderablyprotonconductingfor increasingwatervaporcon
tent, leading to a decrease of LSR [66]. As further explanation, the formation of
highlyvolatileSi(OH)4andthusadecreaseofimpuritycontentwithincreasingwater
vaporcontentissuggested[63].
(iii) Activationduringpolarization: The short term activation observed for anodic and
cathodicpolarization isassumed tobecausedbyachange in theelectrical fieldat
the interface and a consecutive redistribution of the impurities at the electrode
electrolyte interfaceyieldinganunblockedarea.This is supportedby the fact that
theactivationforpureelectrodesislesspronouncedthanforimpureelectrodes[65].
(iv) Currentoscillation:Theobservedcurrentoscillationduringpolarizationisattributed
















tionsofpH2,pH2O,Tand	overa largerange.Additionally,explanations for thedifferences




So far, nodata set of the electrochemical characterization of patternedNi anodes inCOCO2
atmospherehasbeenreportedthatincludestheparameterdependenciesonpCO,pCO2andT.
However,suchadatasetisstronglyneeded,e.g.forthevalidationofmodelingstudies.Inthis
work,acomprehensivedataset for thecharacterization inCOCO2atmosphere isestablished
andtheabsoluteLSRvaluesandparameterdependenciesarecomparedtotheresultsobtained
inH2H2Oatmosphere.











Prior to the characterization of the patternedNi anodes, a comparative analysis of different
fabricationprocedureshasbeenperformedwithemphasisonreproduciblesampleproperties,













ofNi: 99.98%), followed by the liftoff (AllresistAR30072) of the unexposed regions of the
patterns. This fabrication procedure enabled reliable and reproduciblemanufacturing of pat



































The reproducible sample qualitywas affirmed by SEM and lightmicroscopy analyses of the



































tionof temperatureandgas composition revealed that the stabilityofaNi thin filmstrongly














sizeallows the fabricationofnarrowstripeswithaminimumstripewidthof5mata layer
thicknessofabout1m,seealso[9].
ANilayerthicknessof800nmwasdeterminedtoassurethestabilityofthepatternedNianode
during theelectrochemical characterizationat temperaturesof700  900 °C inH2H2Oatmos
phereforwatervaporcontentsuptorel=90%.Therefore,allpatternedNianodescharacter
ized in thisworkwerepreparedwithaNi layer thicknessof 800nm.SEManalysis after the
electrochemical characterization of the patterned Ni anodes in COCO2 atmosphere for
700°CT800°Cconfirmedthestabilityinthisatmosphereaswell.
The abovementionedmorphological changes lead to an initial activation of LSR through an
increase in lTPB and in inplane conductivity.After about20h, this activation reaches equilib











The increase in lTPB due to the grain growth needs to be considered for the interpretation of
resultsfromelectrochemicalcharacterization.Therefore,theactuallTPB(lTPB,corr)wasdetermined
basedonSEMimagesusingtheimageprocessingtoolSPIP[79].Acorrectionfactorofcorr=1.3
was obtained as quotient of lTPB,corr and the theoretical lTPB (lTPB,th), see figure 3.3. The average
valuedeterminedfordifferentpositionsononesampleaswellasforseveralsamplesisalmost
constantandisthereforetakenasastandardvalue.Thesamevaluewasobservedafterelectro







For thecharacterization in thiswork,apseudosymmetric cell composedof twodifferentan
odeshasbeenchosen:thepatternedNianodeistheworkingelectrode,whileascreenprinted
Ni/8YSZcermetanodeisappliedascounterelectrode.Herein,thecontributionofthecounter
electrode is known and even negligibly small compared to the contribution of the patterned
anode.Thiscellsetupdiffersintentionallyfrompreviousstudiesinliteraturethatcharacterized
the patternedNi anode against a reference electrode [69] in order to avoid the inaccuracies
related to a characterizationwith reference electrodes.Adler et al. showed that even forper

























































figure 3.4: Scheme of themeasurement setup for the electrochemical characterization of patternedNi anodes: a)
contactingofthepatternedanodewithNimeshontheentireelectrodesurface.AnAl2O3plateandanadditionalAu
weight ensure good electrical contact.The counter electrode is contacted by a combination of fine and coarseNi















































of parameter variation of pH2pH2O and pCOpCO2 that avoids these effects is indicated for
differenttemperaturesinfigure3.6.At800°C,thecriticalpO2foroxidationofNiis1.2109Pa.










































































wasperformed inallgas compositionsat800 °C,while for the characterizationat700 °C the
criticalgascompositionshavebeenomitted.
Inthiswork,thegascompositionsare,inadditiontotheindicationofthegaspartialpressures,
described by their ratio of reaction product to reactant. ForH2H2O atmosphere, the ratio is
denotedrelativewatervaporcontentrelandcalculatedaccordingtoequation3.3. InCOCO2























For the interpretation of impedance spectra, an equivalent circuit has beendeveloped that is


























































In figure3.7,examplesof impedancespectra forpatternedNianodesaregiventogetherwith
the corresponding result of theDistribution of Relaxation Times (DRT) calculation [83]. This
methodological approach allows to clearly separate the time constants of two low frequency



































































































RC behavior with n = 1 [85]. The patterned Ni anode shows only a small deviation with
nA=0.9–0.95, whereas the Ni/8YSZ cermet counter anode shows a distinct deviation with







































figure3.9: a)Equivalentcircuitmodelwith threeRQelements representingcontributionsofgasdiffusion (PA),





respective resistance, the relaxation frequencydeterminedby frel=(2)1 and the exponentnaccording toZRQ=










PA 1to6 1to20 0.95 pH2O,pH2 Gasdiffusion

PA 0.1to100 5.5to3.4103 36to3104 0.9to0.95 pH2O,pH2,T Chargetransferreactionat
patternedNianode


















electrochemical characterization. This characterization included various parameter conditions
of temperature,partialpressuresofH2andH2Oandpolarizationvoltage.Thecombinationof


























acterization are shown in figure 3.10b and c. They reveal impurity imprints of theNi grain
boundaries on the former electrodeelectrolyte interface.No impurities are observable at the















































































































































































25keVBi+ (primary ions),whichwerebunched to form ionpacketswithanominal temporal
extentof < 1ns at a repetition rateof 10kHz, thusyieldinga target currentof 0.9pA.High
lateralresolutionimageswithabout250nm(lowmassresolution)wereobtainedusing160ns
pulsesof25keVBi+atarepetitionrateof10kHz,thusyieldingatargetcurrentof150fA.The
datawas postprocessed using the TOFSIMS IV software package (version 4.1). For amore
detaileddescriptionoftheproceduresee[73].
TheTOFSIMSanalyseshavebeenperformedonthesurfaceofsampleswithandwithoutNi
electrode. Two different areas with different lateral resolution have been chosen: (i)
150x150m2with highmass resolution and low lateral resolution, and (ii) 60x60m2with













Na Mg Al Si





















































outNi electrode, the higher Si intensity is foundon theYSZ surface (andnot on the former
interface).This indicatesthat theelectrodeelectrolyte interface isnotfavorableforSisegrega
tion.Tishowsalsoaweakerintensityattheformerelectrodeelectrolyteinterface.CaandMg
haveaconstantsignalonthesamplewithoutNi,indicatingthatthewholeelectrolyteiscovered
with thesespeciesevenat theelectrodeelectrolyte interface,whereasMnismainly locatedat
theelectrodeelectrolyteinterface.
NiTi
Na Mg Al Si









































20 m, spacing 20 m) has been removed after electrochemical characterization at 800 °C in varying H2H2O
atmosphere.Highmassresolutionandlowlateralresolutionwasused.Blackisthelowestandwhitethehighestion































































TOFSIMS scan of the samplewithNi electrode: a) impurity profiles ofAl and Si. Both species show a higher
intensityontheNisurfacethanontheYSZsurface,andb)intensityprofilesofK,CaandMg.CaandMgshowan










Chemical surface analysiswas performed on a KAlpha XPS (Thermo Fisher Scientific, UK),









chemical characterization), and (ii) after electrochemical characterization at 800 °C inH2H2O
atmosphere.






In table3.4, theconcentrationsofalldetectedspeciesare listed,andtable3.5 lists theratioof





















Zr 23.33 17.37 23.11 18.1 13.31 15.57
Y 4.80 3.26 5.03 3.97 2.46 2.78
O 57.89 48.44 58.28 47.03 44.57 49.79
Ni     9.04 8.10
C 7.46 26.68 7.76 24.71 18.50 12.69
Mg 2.11 0.27 1.59 4.63 0.11 0.39
Na 0.02 0.76 0.46 0.33 0.43 0.38
Si 4.04 2.05 0.57 0.49 1.27 1.78
Al 0.35 1.18 0.07  0.71 0.87
Mn   2.78 0.15 6.50 4.66
Ti   0.35 0.17  
Zn    0.42  
























Y/Zr 0.21 0.19 0.22 0.22 0.37 0.35
Mg/Zr 0.090 0.016 0.069 0.256  
Na/Zr 0.001 0.044 0.020 0.018 0.19 0.26
Si/Zr 0.173 0.118 0.025 0.027 0.35 0.6
Al/Zr 0.015 0.068 0.003   
Mn/Zr   0.12 0.01  
Ti/Zr   0.015 0.009  
imp/Zr 0.28 0.25 0.25 0.34 0.54 0.86









ported forpoint anodeswithpureNi electrode (99.995%Ni) [73], see table 3.5.The same is
valid for the Si/Zr signal with 0.025 after characterization compared to 0.35 reported by
Norrman.ThisisofparticularimportanceasSiO2isconsideredblockingtheelectrolytesurface.






theYSZelectrolyte.This isexpectedas thepurityof theNi target isonly99.98%.Themajor
impuritycomponentisMn,whichisnotlistedinthechemicalanalysisoftheNisputtertarget






SIMSanalysis showeddifferent surface compositions on the freeYSZ surface, theNi surface
and the electrodeelectrolyte interface. The size of the impurity striations at the TPBwith a
heightofup to20nm is comparable tovalues reported forverypurepoint anodes,whereas





ageof theNipattern, this impurity striation isnot exactly locatedat theTPB, aswill bedis
cussedlater.Inanycase,thisimpuritylevelcanbeconsideredasthebestachievable,thatwas











The lateral distribution of impurities at the electrodeelectrolyte interfacediffers between the
patternedNianodesofthisworkandresultsreportedforpointanodes:nodistinctionbetween
apurerrimzonecomparedtoanimpurecorezoneasreportedbySchmidtetal.[26,71]was
found. It is assumed that this isdue to thedifferencesbetween the twoelectrode typeswith




Nigraingrowth,whereas theelectrodeelectrolyte interfaceof thepointanodearea increases
due toNi creep causedby the load.Assuming that segregationof impurities to the freeYSZ






























at room temperature (figure3.12a).During thermal exposureat 800 °C, impurities fromelec
trode andelectrolytematerial segregate to theTPBand the freeNi andYSZ surfaces.At the
sametime,theNistripewidthreducesduetograingrowth,leavingalesscontaminatedsurface
directlyattheTPB.TheassumptionisthattheelectrolytesurfacedirectlyadjacenttotheTPBis
notcoveredbyan impuritystriationand iseven lesscontaminated than the freeYSZsurface
(figure3.12b).Withfurthershrinkageof theNistripe,severaladjacentstriations formnext to
theTPB.TheobservationthatthefirststriationattheoutermostpositionfromtheTPBismost
pronounced indicates that segregation is very fast and occurs before the initiation of grain
growth,e.g.alreadyduringheating(figure3.12candd).Another favorableplace forsegrega
tionisattheNigrainboundariesratherthanattheYSZgrainboundaries.
Additionally,a theoreticalcalculationhasbeenperformed todetermine theprobabilityof the
electrolytesurfacebeingcompletelycoveredbybulkimpurities,seesection9.2and[87].Ithas
beenfoundthat,duetotheunfavorablesurfacetovolumeratioofpatternedandpointanodes,








The optimal Ni layer thicknesswas determined that ensures stability up to temperatures of
800°Cinreducingatmosphere.TheinitialmorphologicalchangesoftheNifilmduringthermal
exposure stabilize after about 20h at 800 °C.The correction factor corr = 1.3 accounts for the













































entirely completed, and further alterations in lTPB during characterization are negligible. This


















































that the morphological changes of the Ni layer are strongly dependent on temperature, see
section3.1.3and[51].Therefore,itisimportanttoperformtheinitialheattreatmentatthehigh
est temperatureof interest for theelectrochemicalcharacterization inorder toavoida further
increase in lTPB after this initial stabilization. Throughout this work this was realized by the
introductionof a standard initialheat treatment: before theactualmeasurementprogram, all







4.8. This is a very high degradation rate, exceeding the degradation rate of highly efficient
Ni/8YSZ cermet anodes (0.004% / h) [2] by two orders ofmagnitude.A comparison among
patternedNi anodes in literature is not possible, as none of the previous studies reported a
degradation rate [69]. InCOCO2 atmosphere, a slowerdegradation rateof 0.18% /h is ob
servedat800°CandpCO=4.8104Pa,pCO2=5.4104Pa,seefigure4.3.






















figure 4.3:Degradation behavior of a patternedNi anode recorded at 800 °C for pCO=4.8104Pa andpCO2=
5.4104Pa (sample:NiYSZ_291), togetherwith thedegradation rate obtained for characterization inH2H2Oat
mospherefromfigure4.8.
ThehighdegradationrateinH2H2OatmospheremaybeattributedtoaremovalofNiviathe
gas phase e.g. byNi(OH)2. However, in COCO2 atmosphere the patternedNi anode is still
















each gas composition change reveal reversible relaxationprocesses of LSRwith long settling
times for theH2H2O atmosphere, see figure 4.4. The behaviors upon a variation of pH2 and
pH2Ovarysignificantly:whereassettlingtimesforchangesinpH2Oare23h,settlingtimes
followingpH2variationsexceed5hformostgascompositionsat800°C,andevenincreaseat
lower temperatures. For pH2O, the direction of relaxation depends on the direction of gas
change, forpH2 thecorrelation ismorecomplex.Ontheonehand, thedirectionof relaxation
dependsontheactualpH2:aboveacertainpH2(here3104Pa)LSRdecreases,belowthisvalue
LSRincreases.Theamountandthesettlingtimeoftherelaxationprocessseemtobeinversely
proportional to theactualpH2value.On theotherhand, the recordingof rapidseriesofpH2
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figure 4.4:Relaxation behavior upon changes in gas compositions forH2H2O atmosphere: a) LSRmeasured for











































a)nohysteresis observable for pH2Ovariations (pH2=4.6104Pa), and b) considerable hysteresis observable be
tweenincreaseanddecreaseofpH2(pH2O=8.6103Pa).T=800°C,balance:N2,sample:NiYSZ_148.
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Thus, the longsettling times in the caseofH2H2Oatmospheremaybe interpretedasa slow
equilibrationbetweenbulk,surfaceandgasphase,whereasnoequilibrationtakesplaceforCO




followedby a slow relaxationprocesswith a settling time of about 20 h, see figure 4.8. This
effect is reproducible and increases with repeated recording of currentvoltage curves. The
correspondingcurrentvoltagecurvefor350mV	400mVisshowninfigure4.9.Aconsid
erablehysteresis is observablebetween rising and fallingpolarizationvoltage for anodic and
cathodicpolarization.Forbothpolarizations,thecurrentdensityincreasesbetweenrisingand
fallingvoltage,indicatingthattheresistanceisactivatedbytheappliedoverpotential.Hence,a



















































figure4.9:Typical currentvoltage curve recordedduring themeasurementwith constant conditions from figure
















instabilities in current density by changes in the chemical composition of impurities and a








20hof thermal exposure at 800 °Cwasobserved.Thisprocess is verifiedbySEM
studiesandattributedtomorphologicalchangesintheNithinfilm.
(ii) A degradation rate as a function of gas composition was observed. A value of





























description of theparameter dependencies according to theButlerVolmer equation is given,
togetherwiththeresultingparameterdependencies.Adetailedcomparisontoliteraturedatais
performed in section 5.3, and to point anodes with known impurity features in section 5.4.






























The exchange current density j0 is described by a power law ansatz for the partial pressure
dependenciesofpH2andpH2OandanArrheniustypetemperaturedependency[91,92]:
The ButlerVolmer equation does not consider the individual steps at the TPB as applied in
modelingstudiesofthesurfacelevel,butrepresentsaglobalapproachthatistypicallyusedin




The currentvoltage characteristics consist of a linear behavior of current to overpotential for
smallappliedoverpotentialsandTafelbehaviorforlargeoverpotentials.Theobservedbehavior
ofLSRctisreasonablywelldescribedbytheButlerVolmerequationandthereforethisequation
is applied in thiswork. Thedetailedmodeling considering the individual elementary kinetic
stepsissubjectofaseparatestudy.
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However, as already discussed in chapter 4, the considerable relaxation and degradation






nisms (hydrogen,oxygenandhydroxyl spillover)and iscausedby thesocalledequilibrium
potentialeffects [16,56]. Incontrast, thepH2behaviorhasbeenshowntobeadistinguishing
featurebetweenhydrogenspillover(decreaseinLSRforincreasingpH2)andoxygenspillover











































































Acomparison todata fromNi/8YSZcermetanodes isnotstraightforward,as the thermalbe
havior of the activation polarization depends on two coupled processes, namely oxygen ion














In a related study, a sensitivity analysiswas performed for the elementary kineticmodeling
framework that includesheterogeneous chemistry, surface transport and twohydrogen spill
over charge transfermechanisms [13]. The comparison of sensitivity analysis results for two
different temperaturesrevealedachange in thereactionmechanismbetween500–900°C:at
500°C,theonlyratedeterminingreactionisthechargetransferstepofhydrogenspilloverfrom
theNisurfacetohydroxylionsontheYSZsurface.At900°C,thisreactionbecomescolimited




Similar to the discussion for the dependency of LSRct on pH2O, degradation and relaxation
processesmaybethereasonforthediscrepanciesinliterature:forarecordingwithincreasing













has been derived from the Complex Nonlinear Least Square (CNLS) fits according to the
equivalentcircuitdescribedinsection3.3.NotethatRct҂RA҂dRct(j=0)inthespecialcaseof
opencircuitvoltage.
TheButlerVolmerequation isan implicit equationof currentdensity j asa functionofover
voltage	ct. Thus, agraphwith	ct as abscissaand j asordinate is required inorder to fit the






With the boundary condition 	ct(j=0) = 0, the integration constant c is zero. By inserting the









































































to 0.53.However, thismethod is onlyvalid if thegasdiffusion losses canbeneglected com
paredtotheactivationlosses.Theresultsinsection3.3showedthatthisisnotalwaysthecase,
especiallyforelevatedtemperatureswithT>700°C.
Note that in thiswork, the charge transfer coefficienthas been calculated according to the




















to the lackof experimentaldata.However, thisalready impliespreconditionson the reaction
mechanism:fromelectrochemicaltheory,asingleratedeterminingchargetransfermechanism






















































A linear proportionality between charge transfer resistance and TPB length is expected, as
charge transfer is supposed to takesplace at theTPB. This is also one of the reasons for the








functionof lTPB in a graphwithdouble logarithmic scale, see equation 5.8.As canbe seen in




case, the proportionality factor corresponds to the reciprocal value of LSRct and is therefore
stronglydependentongascomposition,temperatureandpolarizationvoltage,seeequation5.9.













5.7. This calculation is based on the assumption of linearly independent variables pH2 and
pH2O,onwhichalso theButlerVolmer equationwith itspower lawansatz for the exchange
current density j0 is based, see equations 5.1 and 5.2 [91, 92]. Hence, the following equation
applies. (Note that neglecting the dependency of LSRct on pH2 (i.e. a = 0) would result in a
maximumerrorinLSRctof10%):
Here,subscriptsrepresents thestandardpH2values (in thiscase104Pa)andsubscriptmthe
pH2valueoftheactualmeasurement.
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at 800 °C. Even though thedegradation and relaxationprocessesdescribed abovehave been
























figure 5.7:LSRct atT= 800 °C calculated for pH2=104Pa for data points from figure 5.1 (closed symbol) and
furthermeasurementresultsofthiswork(opensymbol).Thecalculatedconfidenceinterval(3)isdisplayedbythe
coloredarea.
Since different studies report data at different temperatures, the experimental data has been
extrapolatedinordertoextendthetemperaturerange.Thisextrapolationisespeciallyinterest
ingforT>800°CwherethestructuralstabilityofthepatternedNianodeusedinthisworkis
insecure (see section 3.1.3). In a first step, the confidence interval has been extrapolated to
T=700°Cusing theactivationenergy (Eact = 1.01 eV), see figure5.8a.Theextrapolated confi
dence interval is in good agreementwith results from the electrochemical characterization at
700°CwiththesamepatternedNianodes.Hence,itisconcludedthattheextrapolationtofur
ther temperaturesusing theactivationenergy ispossibleunder theassumptionofa tempera
















































































































the confidence interval determined in this work. Additionally, the pH2O dependency with
b=0.67 isverysimilar.However,LSRvaluesat700°Cdifferbyalmost twoordersofmagni
















































































that have combined electrochemical characterization and impurity analysis are reported for














































































































































































The sizeof the impurity striationsat theTPBwith aheightofup to 20nm is comparable to
valuesreportedforverypurepointanodes,whereasheightsexceeding1mwereobservedfor
lesspureNielectrodes,seetable5.1.Asdiscussedearlierinsection3.4,thisverylowimpurity








the electrochemical characterizationwith respect to the dynamic processes observed for pat
ternedNianodesandpointanodes[58,65,72].
5.5 DoubleLayerCapacity
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capacitancevaluesdiffer,withhighervalues for thepatternedanode than for thecontinuous
layer.As twocontributionswithdifferentcauses (lTPBandA2PB)arecombined,nosinglestan
dardizedcomparisonvaluesuchastheLSRcanbecalculated.However,ASCandLSCcanbe


























































































































layer Cdl reveals a strong difference between the two samples: for the patterned anode, the
contributionofthedoublelayertooverallcapacitanceamountsto40–57%,whereasitisabove
96%forthecontinuousNielectrode.Anextrapolationtocermetanodegeometry(withA2PB=
3.8105m2m3, lTPB,v = 4.01012mm3 [39]) yields a contribution of double layer capacitance of
about1%.
Thisresultshowsthatthedoublelayerneedstobeconsideredintheinterpretationofcapacitive









describes thedouble layermoredetailed than former studies that estimated thedouble layer
capacitancebyasimpleparallelplatecapacitor[37,41]oradiffusedoublelayer[40].
ThecapacitanceoftheHelmholtzdoublelayer(CHh)directlyattheinterfaceiscalculatedusing











The serial connectionofHelmholtzdouble layer capacitanceanddiffusedouble layer capaci
tanceresultsinadoublelayercapacitanceCdlbetween0.06and2.75Fm2.TheASCvaluesfrom





Parameter dependencies of LSRct onpH2, pH2O,T andpolarization voltage have beendeter
minedforanextendedparameterrangewithspecialattentiontodistortionsinducedbyrelaxa
tion and degradation processes.All relevant parameter dependencies for the electrochemical
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The calculation of LSRct data to standard conditions and the extrapolation to temperatures
higherthantheexperimentallyperformed800°Cenabledforthefirst timethecomparisonof
data fromdifferent literaturestudies.Theobservedconsiderabledeviationsbetweenprevious
studies are attributed to (i) disregard of gas diffusion contribution in analysis of impedance
spectra, (ii) differences in themeasurement procedure regarding relaxation and degradation
processesaswell as (iii) erroneous estimationof theactiveTPB lengthandpossibleblocking
withimpurities.













This chapter summarizes the results of the electrochemical characterization of patterned Ni
anodesinCOCO2atmosphere.
The analysis of the electrochemical oxidationofCO inCOCO2 atmosphere represents a first
steptowardstheoperationofSOFCswithreformategases.Especiallythecomparisonbetween
resultsfromthecharacterizationinH2H2OandCOCO2atmosphereisimportantwithrespect
















series of gas variation of pCO and pCO2 respectivelywere realizedwith up to 9 points per
series;N2wasusedasbalancegas.InaccordancetotherelativewatervaporcontentforH2H2O










In accordance to the procedure for H2H2O atmosphere, the parameter dependencies of the
electrochemicalcharacterizationinCOCO2atmospherearedescribedusingtheButlerVolmer
equation.Theexchangecurrentdensityj0isdescribedbyapowerlawansatzforthegascompo
sition (partialpressuresofCOandCO2respectively),andanArrhenius type temperaturede
pendency:
TheparameterdependenciesofLSRct aredeterminedbasedon the inverseproportionalityof
exchangecurrentdensityandresistance(LSRct~1/j0)andaredescribedbytheexponentscand
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previouslyobservedkink independencyofLSRct onpCOataroundpCO=2104Pa is repro
ducedforalltemperatures.


































































































peratureasa functionofpCOandpCO2 isgiven in figure6.5. It isnoteworthy thatboth the




strong indicators for a change in the reactionmechanismwithin the characterizedparameter
range. One possible limit for gas compositions with different reaction mechanism is the
pCO2/pCOratio:asshowninfigure6.5,thelineindicatingavalueofrel,CO/CO2=60%separates
thetworegionswithdifferent(i)dependenciesonpCOandpCO2,and(ii)differentactivation
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Sparsework is reported that realized systematic parameter variations of one parameter at a
time that allowsdeterminingquantitativeparameterdependencies.Among them is no study
withpatternedNianodes.Hence,theonlysourceforacomparisonoftheelectrochemicalper
formance ofmodel anodes is the studywithNi grid electrodes byBoulenouar [47].Adirect
comparisonofLSRdatawithNigridelectrodesisdifficultsincethevalueoflTPBisnotknown





Adifferencepersistswithrespect to the temperatureofcharacterization:whereasdata in this
workhasbeenrecordedat800°C,databyBoulenouarisreportedat850°Candnoinformation































































thatdata byBoulenouar is reported for850 °C, contrary to 800 °C in thiswork.The error bars for theNigrid
electrodeindicateanerrorinlTPBestimationofafactorof2.
TheresultinggraphsforpCO2andpCOvariationaregiveninfigure6.7.Eventhoughdataby
Boulenouar is reported forhigher temperatures (T = 850 °C), the absoluteLSRvalues exceed
data from thiswork (T = 800 °C) by up to one order ofmagnitude. Possible causes include
(i)poor contacting between Ni grid and electrolyte substrate and thus an overestimation of
active lTPBor (ii) a considerableamountof impurities at theTPBand theelectrodeelectrolyte
interfacethathavesegregatedfromYSZbulkandNigridduringtheannealingprocessofthe
NigridontheYSZsubstrateat1400°C.
Comparing the pCO2 dependency, the same trend is observed between data from thiswork













RQelements for thecontributionsofgasdiffusionandcounterelectrode (seesection3.3).No





Boulenouar is interpretedas thesumofRctand the tworesistivecontributionsof theRCele
ments.Inthiscase,theresultingdependenciesarec=0.25andd=0.5.
Furthermore, theobserveddifferences inelectrochemicalperformancebetween thisworkand
Nigridelectrodesmaybeexplainedbyanonnegligibleinfluenceofimpuritiesontheperform
anceofthegridelectrode.Noinformationisavailableonthepurityoftheelectrodeandelectro
lytematerials for preparation and neither SEM images nor further impurity analysis are re
ported.EspeciallyduetothedescribedannealingprocessoftheNigridontheYSZsubstrateat
1400 °C, itmust be assumed that impurities from the bulkmaterials have segregated to the











ency isnot asgoodasbetweenpH2OandpCO2.ForCOCO2atmosphere, a clearand repro

















































































































spillover [49]. In a modeling study with five different reaction mechanisms of O spillover
mechanisms(oneortwostepmechanisms),YurkivfoundbestagreementfordatabyLauvstad
[49]withatwostepchargetransfer(transferofoneelectrontotheYSZsurfaceandaconsecu







to the similar electrodeperformance, this renders interstitial transfer also improbable forH2





pH2, and thedegradation rate forLSRctdetermined inH2H2Oatmosphere ishigher than the
one inCOCO2 atmosphere. It is suggested that the long settling times are causedby a slow
equilibrationof species concentrationbetweenbulk, surface andgasphase in the caseofH2
H2Oatmosphere.DuetothelowsolubilityofCOinNiandYSZ,noequilibrationtakesplacefor









dependingon thevalueofpCO2, (iii) a change inactivationenergy from0.85–1.42 eVwith



















todata reported for technicalNi/8YSZ cermet anodes.This comparison is importantwith re
specttothequestion,whetherfindingsfrommodelanodescanbetransferredtocermetanodes.
Forthiscomparison,thecoupledprocessesinacermet–namelychargetransferattheTPBand
ionic and electronic transport processes in electrolyte and electrode – are implemented in a
transmissionlinemodel.
Thetransmissionlinemodel is introducedinsection7.1.Acomparisontoresultsobtainedby
considering charge transfer exclusively andneglecting transportprocesses is given in section
7.2.Theeffecton theparameterdependencieswith thedenotationofapparentparameterde






























































The charge transfer is represented by an impedance length z3 =  (unit:m), thus the total
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The measurement setup and most importantly the analysis of the impendance spectra of
Ni/8YSZcermetanodeshaveaninfluenceontheobservedparameterdependencies:theymay
eitherdescribe the combineddependenciesof charge transferand ionic transportor the indi















The ionic conductivity in the electrolyte is invariant to changes in thegas composition (pH2
pH2OorpCOpCO2),whereaschargetransferisstronglyaffected,seechapters5and6.Hence,
the apparent dependency will be reduced compared to the parameter dependency of pure
chargetransfer.Inthespecialcaseoftransportlimitation(R1>>R3),wheretheattenuationofthe







The temperature dependency of the ionic transport resistance is weaker than for the charge
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Furthermore, the ionic conductivity exhibits a strong degradation due to a phase transition


















mationof the lTPB,vof50%.Asexpected, thedependenciesof the transmission line resistance
decreasecomparedtothedependenciesoftheLSRct,duetothecontributionofgascomposition
independent ionic transport in the YSZ skeleton. For nondegraded ionic conductivity, the
resistanceisslightlyhigherthanthevalueoftheASRAFLobtainedforcermetanodes.Thedevia
ion ,eff ion ,bulk ion ,bulk





































































constant pH2, and b) pH2 at constant pH2O. The subscript ‘TL’ refers to results from transmission line model
calculation, ‘TL,d’ to a transmission linemodel including the degraded ionic conductivity, and ‘AFL’ to results
reportedforananodefunctionallayerbyLeonide[33].
a) b)








































900 800 700 600 500 400
T/°C











































































































constant pCO, and b) pCOat constant pCO2.The subscript ‘TL’ refers to results from transmission linemodel

































functionoftemperature.Thesubscript ‘TL’referstoresults fromtransmissionlinemodelcalculation, ‘TL,d’toa








lyte is invariant to gas composition and only slightly temperature activated. In the case of a









































































strongly dependent on the contrast between the three different phases and the consecutive
segmentationstep.Thesizeoftheanalyzedimageinfluencesthereproducibility,andtherefore





structuralmodel, appears reasonablewith respect to literaturedataof several studies thatall
showsimilarvaluesintheorderof1012m2fordifferentmaterialcompositions,seesection9.3.
Uncertaintiesinion






















The comparison of ASRTL and ASRAFL values shows good agreement, see figure 7.4a. Better
agreement is obtainedwith values for nondegraded ion,eff. This is attributed to the reduced
temperature during characterizationwith amaximum temperature of 870 °C in the study of
Leonide, whereas the degraded ionic conductivity refers to thermal exposure at 950 °C and








Sonn (ASRESC) is higher, though stillwithin oneorder ofmagnitude, see figure 7.4b. For this




















































































degraded ionic conductivity (thus higher R1), the dependencies decrease and approach the
values for the cermet anode, see table 7.3.This is an indication that the ratioofR1/R3 for the






ThedependenciesofpH2andpCOareweakerand ingeneral exhibithigher standarddevia
tions.Therefore,adetailedcomparisontocermetanodedataisnotpossible.
Goodagreementhasbeenobservedbetweentheperformanceandparameterdependenciesof
patternedand cermet anodes.However, slightlydifferent reactionmechanisms cannotbe ex
cludeddueto(i)thetendencytohigherASRvaluesforpatternedanodesand(ii)theobserva
tion of weaker parameter dependencies than expected from transmission line calculation. A














line calculation results in strongerdependencies thanexperimentallyobserved.This is attrib
uted to a toohighR3/R1 ratio thatmaybe explainedby (i) a false estimate of the calculation
parameters(lTPB,v,ion,bulk,d,,and)or(ii)aslightdifferenceinthereactionmechanism.



























The large deviations found between the studieswith patternedNi anodes [6, 7, 9, 34] – two
orders of magnitude for LSR and considerable scatter for the parameter dependencies pH2,
pH2O and T – indicate a significant difference in the characterization of the samples even
thoughseeminglysimilarexperimentalconditionsprevailed,seesection2.1.Inthiswork,alot
of effort was directed to assure stability of the patterned anode and thus reproducibility of
measurementresults:













reproducible recording of parameter variations was enabled by a standard initial
heat treatment before the actual electrochemical characterization and longwaiting
timesaftereachgasvariationstepandpolarization.
(iv) The impurity featuresof thepatternedNianodewerestudied inadetail impurity
analysis including AFM, XPS and TOFSIMS and demonstrated the low impurity
levelofthepatternedNianodescharacterizedinthiswork[87].
Hence,thisworkdifferssignificantlyfrompatternedNianodestudiesinliteraturethatdidnot
specify most of these points. Especially the initial heat treatment, the procedure of electro
chemical characterization aswell as the impurity level are decisive andmay explain the ob
servedconsiderabledeviationsinexperimentalresults.





In the case of COCO2 atmosphere, sparse literature exists on parameter dependencies with
modelanodes.TheobservedstrongdeviationbetweenresultsfromthisworkanddatafromNi






one order ofmagnitude, even though differences in the anode concept persist, e.g. a strong
difference in lTPB and a differentmethod of contacting. This emphasizes the similar and low
impurity level that was achieved for both sample types by careful choice of materials and
measurement setup.Furthermore, it affirms that thedescriptionand considerationof thedy














chemical characterization showno discernable difference for samples exposed to the two at
mospheres [114]. Additionally, in H2H2O atmosphere slow relaxation processes with long
settlingtimesareobservedforchangesinthegascomposition(especiallyforpH2),whilestabi
lizationisfastinCOCO2atmospherewithsettlingtimesoffewminutes.Thelongsettlingtimes





[14, 61].With the similarity in performance between the two atmospheres, special focuswill
needtobedirectedto thecomparisonofCOspilloverandHspillovermechanisms,since the
latter is in favor ofmostmodeling studies for theH2 oxidation [13, 16, 54] andCO spillover




the initial behavior of decreasing LSR and the dependency of LSR on electrolyte purity, the
reactionisinterpretedasproceedingthroughtheelectrodeelectrolyteinterfacewithadditional
lossmechanismsdue to impuritiesat the interface.Furthermore, interstitial charge transfer is




Therefore, inH2H2O atmosphere an interstitial charge transfermechanismsmay account for
partsofthecurrentdensityinparalleltoasurfacespillovermechanisms.Itwouldthenbere
sponsible for the observed slow relaxation mechanisms observed in H2H2O atmosphere, in
contrasttoCOCO2whereinterstitialchargetransferisnotrelevant.






cially, good agreement is obtained for absolute ASR values and for the activation energy,





parameterdependenciesare stronglydependenton theR3/R1 ratio,withhigherdependencies
forahigherratio.ThisisduetothegascompositioninvarianttotalionictransportresistanceR1,
whereas the total resistance of charge transfer R3 is strongly dependent on gas composition.
Hencetwoexplanationsforthestrongertheoreticalparameterdependenciesexist:
(i) R3maybeoverestimatedinthetransmissionlinecalculationeitherbyanerroneous
estimateof theTPB lengthor impurities at theTPB that lead toanadditional loss




anodes, technicalcermetanodesare lesspronetosurfacecoveragewith impurities
duetothethreeordersofmagnitudehighersurfacetovolumeratio(seealsothecal
culcationinsection9.2).











The results with similar parameter dependencies and the good agreement of absolute ASR
valuesindicatethatthesamereactionmechanismprevailsforpatternedanodesandfortechni










Inthiswork,valuable insight intothereactionmechanismof theelectrochemicaloxidationof
H2andCOatSOFCanodeswasgainedby(i)theestablishmentofcomprehensivedatasetsof
theelectrochemicalcharacterizationofpatternedNianodesinH2H2OandCOCO2atmosphere
and (ii) theextensivecomparisonof results toavarietyofdifferentanodeaspectsandanode
concepts.
Intheintroductoryliteraturereview,theneedofanewdatasetwithlargerangeofparameter
variationofpH2, pH2O,T and	wasdemonstratedby the significantdeviations in literature
existingfortheelectrochemicalcharacterizationofpatternedNianodesinH2H2Oatmosphere.
Additionally,explanationsforthesedifferencesareessential.Furthermore,theelectrochemical






The electrochemical characterization was performed in a gas tight measurement setup that






























In order to assure reproducibility of characterization results, the following measures were
taken: (i) a standardized initial heat treatment was established for all samples (20h at
T=800°C,pH2=8.6104Pa,pH2O=1.5104Pa),(ii)asufficientdelaywasappliedbetweenpa
rametervariationandmeasurement(5h),and(iii)thedegradationratewasconsideredindata
evaluation, especially at highwater vapor contents.Hence, this is a significant improvement





















































































tionof reformategasesat theanodeofSOFCs.Herein, thecomparisonof theperformanceof
patterned Ni anodes and Ni/8YSZ cermet anodes will contribute to elucidate the reaction































































































































lTPB,corr (corrected for increase in lTPB due to grain growth during initial thermal exposure). The good agreement
showsthatdeterminationofchargetransfercontributionisnotaffectedbythechangeincontactingmethod.

















content (weight fraction), ximp, of SiO2 in the electrolyte volume (VYSZ), the overall amount of
SiO2iscalculated.ThisamountisthenrelatedtotheelectrolytesurfaceAYSZ,usingthebasearea
oftheSiO2unitcell(ASiO2,uc=8.81020m2).Herein,theratioofelectrolytesurfacecoveredwith
SiO2 is determined under the simplifying assumption that the whole amount of impurities
segregates to the surface. It is furthermore assumed that SiO2 forms a complete monolayer
ratherthantoagglomerateattheTPBorgrainboundaries.
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Name Ref. Geometry Widthor
diameter




   [mm] [mm] [abs] [w.%] [ppmbymol.] [abs]
thiswork  square 20 0.2 1.02104 0.000195 3.9 10
thiswork  square 20 0.5 4.20103 0.000080 1.6 25
Mizusaki [8] round 11.3 1 2.35103 0.000045 0.9 44
Bieberle [6] round 25 0.5 4.16103 0.000079 1.6 25
DeBoer [7] round 25 0.13 1.55104 0.000300 6.0 7
Høgh [21] square 10 3 1.07103 0.000020 0.4 97
Risø3E [115] ‘round’ 7.5/3 16.9/14.9 9.78102 0.000019 0.4 105
Thecritical impuritycontent that (in theveryworst case thatallSiO2endsupat thesurface)
theoreticallymayleadtoacompletecoverageoftheelectrolytesurfacewithSiO2fordifferent
geometries is shown in figure 9.4. The large compact electrolytes typicallyused inpoint and
patterned anode characterization exhibit an unfavorable surface to volume ratio and imply
strongrequirementstoimpuritylevel.TheRisøthreeelectrodeelectrolyte(denoted‘Risø3E’)is
alreadycompletelycoveredatimpuritylevelsaslowas0.000019w.%(0.4ppm,referstomolar




































impurity content under the assumption that all impurities segregate to the surface, see equation 9.2. Different








account the surface to volume ratio and the absolute quantity of impurities, but seems to be



































































figure 9.5: a) Fraction of surface coveredwith SiO2 as a function of particle diameter in the case of electrolyte
spheres forthreedifferent impurity levelsof0.1,0.01and0.001w.%,andb) impurity level thatamonolayerof
SiO2constitutesofthetotalYSZparticleasafunctionoftheparticlediameter.




















depth is given inmcm2. The subscript v refers to volumetric lTPB,v values inmm3. * The penetration depth is
adoptedfromastudybyBrownetal.[32].
Name Ref. YSZNipore lTPB,v Perc. lTPB,per,v  lTPB Comment
  [vol%] [m2] [%] [m2] [	m] [mcm2]












































Cell# A Nistripe Spacing lTPB,th lTPB,corr Frame Electrolyte Comment
 [cm2] [	m] [	m] [mcm2] [mcm2] [	m]
NiYSZ_139 12 15 15 6.7 8.7 15 8.5YSZ,PC H2H2O,Al2O3holder
NiYSZ_151 12 15 15 6.7 8.7 15 8.5YSZ,PC H2H2O,Al2O3holder
NiYSZ_143 12 15 15 6.7 8.7 15 8.5YSZ,PC H2H2O,Al2O3holder
NiYSZ_146 12 15 15 6.7 8.7 15 8.5YSZ,PC H2H2O,Al2O3holder
NiYSZ_140 12 20 20 5.0 6.5 20 8.5YSZ,PC H2H2O,Al2O3holder
NiYSZ_148 12 20 20 5.0 6.5 20 8.5YSZ,PC H2H2O,Al2O3holder
NiYSZ_150 12 20 20 5.0 6.5 20 8.5YSZ,PC H2H2O,Al2O3holder
NiYSZ_141 12 20 20 5.0 6.5 20 8.5YSZ,PC H2H2O,Al2O3holder
NiYSZ_211 1.0252 20 15 5.0 6.5 500 8.5YSZ,PC H2H2O,Niholder
NiYSZ_217 1.0252 20 15 5.0 6.5 500 8.5YSZ,PC H2H2O,Niholder
NiYSZ_256 1.0252 20 15 5.0 6.5 500 8.5YSZ,PC H2H2O,Niholder
NiYSZ_220 1.0252 12 10 8.0 10.4 500 8.5YSZ,PC H2H2O,Niholder
NiYSZ_223 1.0252 12 13 7.0 9.1 500 8.5YSZ,PC H2H2O,COCO2,Niholder
NiYSZ_225 1.0252 12 13 7.0 9.1 500 8.5YSZ,PC H2H2O,COCO2,Niholder
NiYSZ_246 1.0252 20 9 6.0 7.8 500 8.5YSZ,PC H2H2O,COCO2,Niholder
NiYSZ_280 1.0252 25 160 1.0 1.3 500 8.5YSZ,PC H2H2O,Niholder
NiYSZ_259 1.0252 25 160 1.0 1.3 500 8.5YSZ,PC COCO2,Niholder
NiYSZ_291 1.0252 25 160 1.0 1.3 500 8.5YSZ,PC COCO2,Niholder
NiYSZ_276 1.0252 20 15 5.0 6.5 500 8.5YSZ,PC COCO2,Niholder
























































































































































































enables the utilization of the electrons involved in the redox process, and b) schematic
conceptofaNi/8YSZcermetanode: theelectrochemicaloxidationofH2 takesplaceat the
TriplePhaseBoundary(TPB),whereelectrode,electrolyteandgasphasejoin....................... 3
figure 1.2: Schemeandequationsofdifferent elementarykinetic reactionmechanisms for the
electrochemical oxidation of hydrogen: a) charge transfer during hopping of surface
adsorbedHNifromNitoYSZsurfacewithreactionwithO2toH2OYSZorOHalsodenoted




 indicatesa free surface site,V indicatesabulkvacancyand the subscriptsNiandYSZ
denotetherespectivesurfaceorbulk. ............................................................................................. 6
figure1.3:Schemeof the reactionmechanismatdifferentanodeconcepts:a) cermetstructure
with long transport paths for oxygen ions, electrons and fuel gas, b) micropatternedNi
anodewithwelldefinedTPB,andc)pointanodepreparedbybendingandpressingaNi
wireontheelectrolytesubstrate. ..................................................................................................... 7

























figure 3.4: Scheme of the measurement setup for the electrochemical characterization of
patterned Ni anodes: a) contacting of the patterned anode with Ni mesh on the entire








mixing battery. The humidification of the gas is realized by an upstream combustion
chamberandmonitoredbyaNernstprobe. ................................................................................ 28
figure3.6:Summaryofparametervariationrangeofgascompositionrealizedinthiswork:a)
pH2 and pH2O variation. The limit of Ni oxidation at 800 °C, as well as the respective
relativewatervaporcontentrelare indicate,and.b)pCOandpCO2variation.Thecritical
regionsofcarbonformationandofNioxidationareindicatedfortemperaturesof700,800
















diffusion (PA), charge transfer at the patterned anode (PA) and the cermet electrode
(counterelectrode)(PA),andb)impedancespectrumandcorrespondingCNLSfitrecorded
atT=800 °C,pH2=1.0103Pa,pH2O=5.8103Pa,balanceN2,rel =85%.The individual
processesPA,PA,andPAare indicatedbythedotted line.Thespectrumiscorrectedfor
theinductanceofthesetupofL=4107H. ................................................................................... 32
figure 3.10: SEM images of the patterned Ni electrode sample with Ni electrode after
electrochemical characterization at 800 °C and varying H2H2O atmospheres: a) with Ni
electrodeshowingimpuritystriationsclosetotheTPB,andb)andc)afterremovaloftheNi
electrodewith acidic solution. The varyingwidth of the TPB impurity striation and the
impurity imprintson theelectrodeelectrolyteinterfaceat the formerNigrainboundaries
arevisible........................................................................................................................................... 34
figure 3.11: Results of AFM analysis on the sample without Ni electrode (removed after
electrochemical characterization at 800 °C in H2H2O atmosphere). Very small impurity




(stripe width 20 m, spacing 20 m) after electrochemical characterization at 800 °C in
varyingH2H2O atmosphere. Highmass resolution and low lateral resolutionwas used.
Blackisthelowestandwhitethehighestionintensitymeasured.Thesignalintensityofall
detected species is different between Ni and YSZ surface, indicating the preferential
locationofthespecies. ..................................................................................................................... 36
figure 3.13: TOFSIMS ion images (150 x 150 m2) of the surface of a sample where the Ni
electrode (stripe width 20 m, spacing 20 m) has been removed after electrochemical
characterization at 800 °C in varyingH2H2O atmosphere.Highmass resolution and low
lateral resolution was used. Black is the lowest and white the highest ion intensity
measured.Onlysomespecies(Al,Si,Mn,Ti)showtheformerstripepattern,whereasthe














b)during thermalexposure theNigrainsgrow insize.At thesame time, first impurities
segregatetotheTPBoriginatingeitherfromNi,YSZorboth,c)theNigrainsgrowfurther
andleadtoashrinkageoftheNistripewidth,yieldingabroadeningoftheimpurityfilm.















figure 4.4:Relaxation behaviorupon changes ingas compositions forH2H2Oatmosphere: a)
LSRmeasuredforpH2OvariationsatconstantpH2=4.6104Pa(sample:NiYSZ_143),andb)














figure4.7:Comparisonof relaxationbehaviorupongas compositionchanges forH2H2Oand





mV  	  350mV (see lower part). A slow relaxation after each recording of a current
voltagecurveisobservedaswellasalineardegradationof0.3m/h=0.4%/h.(pH2=
3.9104Pa,pH2O=6.2104Pa,rel=61.4%,T=800°C,sample:NiYSZ_151)............................ 51
figure 4.9: Typical currentvoltage curve recorded during the measurement with constant
conditions from figure 4.8. Arrows indicate the directions of rising and falling voltages















figure5.5:Determinationof charge transfer coefficient fordifferent temperatures: a)dRct at
variouscurrentdensitiesjforpolarizationvoltagesof	=0,50,100,150,200,250,300mV,
andb)currentdensity jasa functionof theactivationoverpotential	ct, togetherwith the
respectiveButlerVolmer fits (pH2 = 8.3103Pa,pH2O= 6.6103Pa, balanceN2,rel = 44%,
NiYSZ_146) ....................................................................................................................................... 60
figure 5.6: Polarization resistance of charge transfer reaction Rct for different TPB lengths
recorded at similar conditions after stabilization of Rct during thermal exposure (pH2 =
8.6104 Pa, pH2O = 1.5104 Pa, T = 800 °C): a) proportionality of 1/Rct and lTPB,corr, and b)
doublelogarithmicgraphofRctasafunctionoflTPB,corr. ............................................................. 61
figure5.7:LSRctatT=800°CcalculatedforpH2=104Pafordatapointsfromfigure5.1(closed
symbol) and further measurement results of this work (open symbol). The calculated
confidenceinterval(3)isdisplayedbythecoloredarea. ......................................................... 63
figure 5.8: Comparison of measured LSRct data with the calculated confidence interval and
different literature data [69] for pH2 = 104 Pa: a) at 700 °C, b) at  800 °C, and c) the
extrapolatedvalues at 850 °C.The lighter areas indicate theuncertaintyof the activation
energy(Eact=2.0eVinsteadof1.0eV)........................................................................................... 64


















figure 5.12:ASC and LSC calculated from the capacitance of sampleswith differentA2PB/lTPB
ratio according to equation5.11: a) for temperaturevariationatpH2 = 9.9104Pa,pH2O=





















figure 6.6: Polarization resistance of charge transfer reaction Rct for different TPB lengths

















figure7.1: a)Schemeof transmission linemodelwith locationofelectrochemicaloxidationat
the TPB (indicated by the bold lines), b) equivalent circuit of the cermet anode by a
transmissionline:1and2representionicandelectronictransport,representsthecharge
transfer at the TPB, c) ionic and electronic current density (iion and iel respectively) as a







and ASRct from a) together with the subtraction of R3 and R1, indicating charge transfer
limitationforpH2O<7.0103PaandtransportlimitationforhigherpH2O............................. 87
figure 7.3: Comparison of electrochemical performance of patterned and cermet anodes as a
functionofa)pH2OatconstantpH2,andb)pH2atconstantpH2O.Thesubscript‘TL’refers
to results from transmission line model calculation, ‘TL,d’ to a transmission line model




for theanodefunctional layerofananodesupportedcell [90],calculationwithL=7m,
andb)comparisontodatareportedbySonnforascreenprintedcermetanode[35]withL=
25m.Thesubscript‘TL’referstoresultsfromtransmissionlinemodelcalculation,‘TL,d’






figure 7.5: Comparison of electrochemical performance of patterned and cermet anodes as a
functionofa)pCO2atconstantpCO,andb)pCOatconstantpCO2.Thesubscript‘TL’refers
to results from transmission line model calculation, ‘TL,d’ to a transmission line model
including the degraded ionic conductivity, and ‘AFL’ to results reported for an anode
functionallayerbyLeonide[98]..................................................................................................... 91
figure7.6:ComparisonofelectrochemicalperformanceofpatternedandcermetanodesforCO
CO2 atmosphere as a function of temperature. The subscript ‘TL’ refers to results from





agreement for values of R1 is obtained when using the degraded ionic conductivity,
yieldingR1,d,PA.Usingthestandardionicconductivity,theobtainedR1,PAisinferiortoR1,ESC




figure 9.1: Comparison of impedance spectra obtained with contacting of entire electrode







figure 9.3: Comparison of charge transfer contribution RA for the two different contacting









andpatterned electrodes are given and compared to cermet structureswith spheres of 1











table 2.1: Comparison of LSR values reported in literature [69]. The values are recorded at
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(‘CT’ indicates the charge transfer mechanism), the experimental data set used for
validation and conclusions on the rate determining reaction step. Additionally, some
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and the exponent n according to ZRQ = r/(1+(j)nRQ).Additionally, the temperature and




table 3.5: Ratio of selected elements on the YSZ substrate compared to the Zr signal.







featuresafterelectrochemical characterization (conditionsare specified in column ’char.’).
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